INTRODUCTION
In the last two decades, the number of long-term survivors after autologous and allogeneic hematopoietic stem-cell transplantations (HSCTs) has been increasing. This increase has resulted in more people suffering from the long-term effects of HSCT and its associated treatment. 1, 2 Bone loss leading to fractures is one such late effect, which can lead to significant morbidity and mortality and worsen the quality of life of long-term survivors after HSCT. 3, 4 Factors that may contribute to the increased bone loss in patients after HSCT include intensive chemotherapy, total-body irradiation, and posttransplantation glucocorticoid use. 5, 6 The process of bone remodeling in the context of HSCT is a complex interplay between two cytokines belonging to the tumor necrosis factor family, the receptor activator of the nuclear factor kappa B (RANK) ligand, and osteoprotegerin. Osteoblasts produce the RANK ligand, which binds to RANK that is expressed on osteoclast cell surfaces, leading to bone resorption. Osteoblasts also produce a receptor called osteoprotegerin, which inhibits the interaction between RANK and the RANK ligand and thus decreases osteoclastic activity and enhances bone formation. An imbalance between these two processes is thought to be a major factor driving bone loss after HSCT. 7 The temporal sequence of bone loss after HSCT is also complex. An early phase of bone mineral density (BMD) loss occurs within 6 to 12 months after transplantation at all skeletal sites. This is followed by initial recovery of BMD in the lumbar spine and a slower process of recovery in the femur neck, with bone loss persisting for 48 to 120 months. Not all patients return to their baseline BMD level, probably as a result of continued risk exposure and JOURNAL OF CLINICAL ONCOLOGY prolonged treatment with glucocorticoids. 8 It should also be noted that BMD loss in HSCT patients does not always correlate with the risk of developing a fracture.
Transplantation of solid organs (eg, kidney, heart, liver, and lung) has also been associated with rapid loss in BMD and increased susceptibility to osteoporotic fragility fractures. [9] [10] [11] [12] Unlike bone loss after HSCT, bone loss associated with solid organ transplantation occurs mainly during the first year but is followed by recovery within the next year or two. 13, 14 Fracture incidence following solid organ transplantation ranges from 6% to 45% for recipients of kidney transplantation and from 22% to 42% for recipients of heart, lung, and liver transplantations. 15 Both bone disease before transplantation and bone loss after transplantation as a result of the effects of immunosuppressive medications have been postulated to be involved in bone disease after solid organ transplantation. HSCT has many risk factors similar to those in recipients of solid organ transplantation; however, the magnitude of fracture in patients receiving HSCT remains largely unknown. 16, 17 The temporal sequence of bone loss following HSCT has been established, and it is well accepted that HSCT and its associated treatment lead to increased bone loss and osteoporosis. Patients also have associated comorbidities, lifestyle factors, and genetic predispositions that may increase the risk of fractures that may adversely affect the quality of life. Despite this, little is known of the incidence of fractures following HSCT. Therefore, the purpose of this study was to calculate the incidence of fractures, identify risk factors, and compare the rates of fractures following HSCT to the rates of fractures in the general population. Addressing this gap in knowledge would illustrate the true burden of fractures associated with HSCT and provide a better understanding of the risk of such fractures.
PATIENTS AND METHODS
Institutional review board approval was obtained before any data were collected for this study. The use of patient information complied with the Health Insurance Portability and Accountability Act, and sensitive patient data were protected in the data analysis.
Patients
We performed a retrospective chart review of patients older than age 18 years who had undergone HSCT at The University of Texas MD Anderson Cancer Center from January 1, 1997, to December 31, 2011. Patients were observed until December 31, 2013, for ascertainment of fracture occurrence. HSCT patients were identified by using billing codes, and HSCT was confirmed with electronic medical record documentation. Once this cohort of HSCT patients was identified, we ran another query, using International Classification of Diseases, 9th revision (ICD-9 codes 800 to 829, 733.10 to 733.19, 733.81, and 733.82) to identify patients in this group who had experienced a fracture. All fractures were verified by using both physician medical record documentation and radiographic reports and assessment and their location was documented. Information on each patient's age at the time of transplantation, sex, race, type of HSCT, and underlying indication for receiving an HSCT was obtained from the electronic medical records.
Data Analysis
Descriptive statistics such as mean plus or minus standard deviation were used to summarize patient's age at the time of HSCT. Frequencies and percentages were used for categorical variables. 2 and Fisher's exact tests were used to compare categorical variables by location of fracture. Cumulative incidence rate of bone fracture after transplantation was calculated with death as a competing risk (Fig 1) . A Cox proportional hazards regression model was used to model the cause-specific hazard of fracture (death treated as censored) and compare event rates among groups. The effects of covariates on the cumulative incidence function of fracture were evaluated in the univariable setting by using Gray's test. 18 In the multivariable setting, Fine and Gray's method was used to model the probability subdistribution function of failure by applying decreasing weights to patients who died before experiencing a fracture. 19, 20 Validity of the proportional cause-specific hazards and subdistribution hazards assumptions were assessed by using the proportionality test on time-varying covariates. Age-and sex-specific incidence rates per person-year of fracture were calculated by using the observed fracture frequency in the numerator and the sum of the survival times in the denominator. The time units were defined in years from the time of HSCT until the first fracture, death, or the last date of retrospective follow-up (December 31, 2013). Patients who did not experience a fracture and were alive were censored at the end of the follow-up period of the study.
We compared the rates of fractures with those of the US general population by using estimated rates from the 1994 National Health Interview Survey (NHIS) and the 2004 National Hospital Discharge Survey (NHDS). The NHIS is a personal interview survey of households that uses a nationwide multistage sample of 89,100 persons designed to represent the civilian noninstitutionalized population of the United States in which fractures were selfreported. 17 The NHDS is a national probability survey designed to meet the need for information on the characteristics of 270,000 inpatients discharged from nonfederal short-stay hospitals in the United States. Information was gathered from medical transcriptions of hospital records. We chose to use NHDS estimates from the year 2004 (midpoint of our study time frame).
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The rates of fractures in the US general population estimated in the 1994 NHIS and in the 2004 NHDS were multiplied with the total person-years of observation to estimate the expected number of fractures. The ratio of observed and expected numbers of fractures was used to compare the number of fractures in our HSCT patient sample with that in the national surveys of the general population. Statistical significance was determined by using a twosided P value of less than .05. Data were stored in a Microsoft Excel worksheet (Microsoft, Redmond, WA), and all analyses were conducted by using SAS 9.4 (SAS Institute, Cary, NC).
RESULTS
Of 7,620 patients who underwent an HSCT from 1997 to 2011, 56% were male and a majority (75%) were white. The most common reason for undergoing an HSCT was a hematologic malignancy other than multiple myeloma (67%), followed by multiple myeloma (22%). Eleven percent (n ϭ 801) underwent an HSCT for a primary solid tumor (most commonly breast [46%] or ovarian [27%]); other reasons for HSCT were diseases such as scleroderma and amyloidosis. Overall 8% (n ϭ 602) developed a fracture: 11% of patients (n ϭ 419) who received an autologous transplant and 5% of those (n ϭ 183) who Abbreviations: HSCT, hematopoietic stem-cell transplantation; SD, standard deviation. received an allogeneic transplant. The baseline demographic and transplant characteristics are provided in Table 1 . More than 50% (n ϭ 4,033) died before experiencing a fracture and 39% (n ϭ 2,985) were censored at the end of the follow-up period of the study. The median follow-up time was 85 months (95% CI, 82 to 87 months). Univariable cause-specific hazard models showed that age older than 50 years at the time of HSCT, multiple myeloma, solid organ tumors and other reasons, and autologous HSCT were associated with a higher hazard of developing a fracture. Because of a high correlation between indication for HSCT and the type of HSCT received, we considered analyzing their effects separately by using two multivariable models. Model 1 included all predictors of interest except type of HSCT, and model 2 included all but indication. Holding all other variables constant, the incidence of fracture was higher in patients older than age 50 years (the median age) than those who were younger in both models. Compared with patients with other hematologic malignancies, the hazards of fracture among patients with multiple myeloma are five time higher and they are 1.6 time higher among patients with solid organ and other tumors. Furthermore, model 2 shows that patients who underwent autologous transplantation are 45% more likely to develop a fracture than those who underwent an allogeneic transplantation, holding other variables constant ( Table 2 ). The results of the univariable and multivariable Cox proportional subdistribution hazards models were in agreement with the cause-specific hazard models for fracture (Table 3) . We explored an interaction between age and sex in all models and observed no interaction at a significance level of 0.05 (P Ͼ .40 for both cause-specific and subdistribution hazard models).
Age-and sex-specific fracture incidence rates in the US population from the NHIS 1994 and NHDS 2004 were used for comparison ( Table 4 ). The female HSCT recipients age 45 to 64 years at MD Anderson Cancer Center had 7,565 person-years of observation. The estimated relative risk of fracture for that group was approximately eight times higher than in the general US female population (NHIS 1994 and NHDS 2004) of the same age. Similarly, male recipients age 45 to 64 years at MD Anderson Cancer Center had 8,693 person-years of observation, and the estimated relative risk of fracture was approximately seven to nine times higher in these male HSCT recipients than in the general US male 
‫ء‬
Age-and sex-specific fracture incidence rates in the US population; data from the National Center for Health Statistics, NHIS 1994. Rates are per 1,000 members of the population.
†Age-and sex-specific fracture-related discharge rates in the US population; data from the 2004 NHDS. Rates are per 10,000 members of the population. Table  5 ). The age groups older than 65 years differed between the NHIS (age 65 to 69 years; no data for those older than age 70 years) and NHDS (age 65 to 74 and 75 to 84 years) groups; thus, the rates of fractures in those age groups in our study population differed as well. We observed a significantly higher risk of fracture in those receiving HSCT than in the US general population in both males and females in all age groups, except for males age 18 to 24 years, when using NHIS estimates.
population (NHIS 1994 and NHDS 2004) of the same age (
Of the 602 patients who experienced a fracture, there were slightly more vertebral (53%; n ϭ 315) than nonvertebral (47%; n ϭ 287) fractures. Nonvertebral fractures comprised clavicle/ribs (18%), upper limb (10%), femur (7%), lower limb other than femoral (7%), hip (3%), sacrum (1%), and other locations (1%). Males had more vertebral (57%) than nonvertebral fractures, and females tended to have more nonvertebral (53%) than vertebral fractures ( 2 ϭ 6.14; P ϭ .013). The majority of patients who experienced a fracture were older than age 50 years at the time of HSCT and had more vertebral fractures (54%); those age 50 years or younger were more likely to experience nonvertebral fractures (52%), but this difference was not statistically significant ( 2 ϭ 2.17; P ϭ .14). Of the 3,623 patients who were age 50 years or younger at the time of HSCT, 54% underwent an allogeneic transplantation. Of the 3,997 patients who were older than age 50 years, 44% underwent an allogeneic transplantation. Patients who had an autologous transplantation tended to have more vertebral fractures (54%), whereas those who underwent an allogeneic transplantation tended to have an equal number of vertebral and nonvertebral fractures, but this difference was not statistically significant ( 2 ϭ 0.72; P ϭ .40). Of the 372 patients with multiple myeloma who experienced a fracture, 65.3% had active disease or relapse, 13.2% were in complete remission, and 21.5% were in partial remission with low or stable disease at the time of fracture. Of the 180 patients with other hematologic malignancies who experienced a fracture, 66.6% were in complete remission and 33.3% had active disease or relapse at the time of fracture.
DISCUSSION
As the use of HSCT for the treatment of malignant and nonmalignant disease and the consequent number of long-term survivors have increased, the early and late complications of HSCT have gained attention. We discovered an increased risk of fracture at almost all ages in both males and females compared with the corresponding US general population. To the best of our knowledge, this study is the first to quantify the increased incidence of fractures in patients with cancer who undergo HSCT.
Loss of BMD following HSCT can be attributable to multiple factors, including myeloablative conditioning regimens, altered functioning of organs leading to a reduced intake and metabolism of calcium and vitamin D, high-dose steroids, graft-versus-host disease, and the use of cyclosporine A. 22, 23 In one study, a decrease of up to 25% in lumbar spine BMD and a 50% decrease in femoral neck BMD were observed after HSCT, and the bone loss after HSCT was shown to occur early and appeared to progress over the first 3 years before stabilizing. 4 In addition to bone loss as a result of factors related to the primary disease and treatment modalities used, comorbid conditions may predispose patients to further bone loss and an increased risk of developing fractures such as sedentary lifestyle after the transplantation when coping with frequent infections, malabsorption, and graftversus-host disease. Comorbid conditions were not assessed in our study to calculate fracture incidence but nevertheless need to be considered when evaluating risk factors for fracture development. Furthermore, an in vitro study showed a long-lasting decreased boneforming capacity in patients who received stem-cell transplantation.
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Our study found significantly higher fracture rates following HSCT than in the general population. This is similar to the increased rates of fractures observed in patients undergoing solid organ (eg, kidney, liver and heart) transplantation. 16, 17 This similarity suggests that transplantation and the associated supportive therapies administered may play a key role in this increased risk of fracture. We compared age-and sex-specific fracture rates of HSCT patients to those of the general population by using two separate databases (NHIS and NHDS). The rates of fractures differed somewhat between these databases, but this could be attributed to the mechanisms involved in obtaining the rates. The 1994 NHIS is a personal self-report survey and the NHDS contains data collected from hospital records. There are some differences in the types of fractures included in both databases compared with types included in our study (ie, our study used more ICD-9 codes to identify fractures). We may have observed exaggerated relative risks in older age groups compared with the NHIS estimates, but this maybe attributable to potential underreporting of the self-reported fractures in older patients. Our fracture estimates were obtained by using a large cohort of 7,620 patients who underwent HSCT, but the true incidence may have been higher, because patients presenting to our center for treatment may have received care for their fractures at another institution. We could not control for this potential failure to capture all fractures because of the retrospective nature of our study. Nevertheless, we are confident that our estimates are close to the true rate of fractures because of the large sample size and long follow-up times observed in our study (median follow-up, 85 months). The possibility of misclassification of fractures in our study is low, because we assessed the medical records of all patients and rechecked and confirmed the findings with those of clinician notes and/or radiographic reports. There are multiple risk factors such as patient demographics, clinical factors related to the primary diagnosis, the treatment received, and comorbid conditions that need to be considered when evaluating treatment options for patients undergoing HSCT who present with evidence of bone loss. Although we could not address all these factors, our study does have some highlights. We observed that males and females seem to have a similar risk of fractures following HSCT, and no interaction was observed between age and sex. Being older than age 50 years at the time of transplantation and receiving an autologous transplantation place patients at a greater risk of having a fracture. Because 4,033 patients (53%) in the study cohort died before they experienced a fracture, simply censoring them would lead to a biased estimation of cumulative incidence. We conducted a competing risk analysis by using subdistribution hazard models with death as a competing risk for fracture in addition to the analyses done by using the Cox proportional hazards models (ie, cause-specific models). The hazard ratios differed slightly, but the conclusions did not change. Future large-scale prospective studies are imperative for identifying patients at high risk for developing fractures following HSCT so that screening and treatment can be instituted early on.
In conclusion, the incidence rate of fractures is significantly higher in patients who undergo HSCT than in the US general population. Patients undergoing or planning to undergo HSCT should have their bone health assessed early in their treatment and, if indicated, should start preventative therapy to prevent bone loss and fractures. All patients receiving an HSCT should be considered to be at risk for post-transplantation bone loss, because the risk factors for post-transplantation bone loss are still poorly identified. All patients should be counseled about current general preventative measures for bone loss and fractures such as physical exercise, fall prevention, and vitamin D and calcium supplementation. All patients should be encouraged to avoid tobacco and minimize excessive alcohol intake. We also recommend that patients undergoing an HSCT should have a dual energy x-ray absorptiometry scan performed at baseline and at 6 months following transplantation. A comprehensive assessment of risk factors involved in fracture development following HSCT still remains necessary.
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